Abstract Effective therapies for the regeneration of large osteochondral defects are still lacking; however, various approaches have been used. We evaluated the efficacy of Escherichia coli-derived dimeric recombinant human BMP-2 (E-rhBMP-2) for the repair of large osteochondral defects in a rabbit model. Osteochondral defects made in the femoral patellar groove of the knee were treated by transplanting gelatin sponges onto which no or various doses of E-rhBMP-2 were loaded. The outcomes were compared with those of an untreated control group four, 12 and 24 weeks after transplantation. At early time points, the cartilage tissue was repaired in a dose-dependent manner, and bone repair was accelerated in the defects treated with high doses of E-rhBMP-2. At 24 weeks, the repair of cartilage tissue was better with E-rhBMP-2 treatment, even at low doses, than without E-rhBMP-2 treatment. Our findings suggest that the use of E-rhBMP-2 improves and accelerates the repair of osteochondral defects in a rabbit model.
Introduction
The repair of osteochondral defects is a challenge for orthopaedic surgeons [1] , and several methods, including tissue engineering procedures, have been developed and used in an attempt to repair articular cartilage defects [2] [3] [4] [5] . Autologous chondrocyte implantation is clinically possible in the United States, some European countries and Korea. However, such cell-based therapies [6] [7] [8] [9] [10] [11] [12] [13] [14] are very expensive because of the high cost of construction and maintenance of cell-processing facilities. Therapies based on cytokines, such as bone morphogenetic protein-2 (BMP-2), for the repair of damaged cartilage would be more clinically useful and convenient than cell-based therapies because they are less expensive and less invasive.
BMPs are members of the transforming growth factor-β (TGF-β) superfamily [15] . Recombinant human BMPs (rhBMPs) appear to be intimately involved in the growth and differentiation of mesenchymal cells to chondrocytes and osteoblasts and induce ectopic cartilage and bone formation [16, 17] . RhBMPs have also been shown to enhance production of articular cartilage matrix in vitro without inducing the formation of bone [18] [19] [20] . Sellers et al. reported that the repair of osteochondral defects 3 mm in diameter with the use of rhBMP-2 in a rabbit model [21] was acceptable at 24 weeks and one year after treatment [22] . Vukicevic et al. reported that rhBMP-7 (osteogenic protein-1) supported the maturation of embryonic chick sternal chondrocytes [23] and that bovine articular chondrocytes did not undergo hypertrophy when cultured in the presence of rhBMP-7 in vitro [24] . Furthermore, they reported regeneration of articular cartilage chondral defects promoted by rhBMP-7 in rabbits (3 mm diameter) [25] and sheep (10 mm diameter) [26] in vivo.
However, to our knowledge, treatment in that study involved only a single dose of rhBMP, and few studies of the dose-dependent effects of rhBMP in the repair of osteochondral defects have been conducted. Therefore, the optimal dose of rhBMP-2 for osteochondral repair has not been elucidated. Furthermore, the rhBMPs used in previous studies were produced by BMP gene-transfected mammalian cells, i.e. Chinese hamster ovary (CHO) cells [16, 17] . This type of rhBMP-2 (CHO-rhBMP-2) is very expensive because of limited yields from CHO cells. One possible way to solve this problem is to use chemically dimerised monomer rhBMPs derived from BMP-gene-transfected Escherichia coli (E-rhBMP-2), because this method is relatively inexpensive and yields high amounts of rhBMPs [27] . E-rhBMP-2 is different from CHO-rhBMP-2 in that one N-glycosylation is missing in E-rhBMP-2 [27] . We have reported that the induction of new bone formation by E-rhBMP-2 is almost the same as that of CHO-rhBMP-2 [28] [29] [30] . However, the repair of osteochondral defects with the use of E-rhBMP-2 has not been reported. In this study, we are the first to report the assessment of the dosedependent effects of BMP-2 for osteochondral repair and the efficacy of E-rhBMP-2 for the repair of large osteochondral defects (5 mm in diameter), a diameter much larger than the diameters reported by Sellers et al. (3 mm in diameter) [21, 22] .
Materials and methods

Animals
Thirty-three female Japanese white rabbits with a mean weight of 3.3 kg (range 2.9-3.7) were purchased from Japan SLC Inc. (Shizuoka, Japan). Each rabbit was housed in a separate cage with free access to water and standard food in strict accordance with the Institutional Guidelines for the Care and Use of Laboratory Animals of Osaka City University.
Operative procedures
Anaesthesia was induced in rabbits by a simultaneous intramuscular injection of ketamine (10 mg/kg body weight) and xylazine (3 mg/kg body weight). One fullthickness cylindrical defect, 5 mm in diameter and 5 mm in depth, was created in the articular cartilage of the knee joint, by means of a medial parapatellar incision, down to bleeding subchondral bone in the patellar groove of the femur using an electric drill equipped with a Steinman pin. The defects in both knees were either treated with the implants or left untreated. The implants were produced as follows: gelatin sponges (Spongel; Astellas Pharma Inc., Tokyo, Japan), 5 mm in diameter and 5 mm in height, were impregnated with 0, 1, 5, 10, 20 or 40μg of E-rhBMP-2 in a buffer (5 mmol/l glutamic acid, 2.5% glycine, 0.5% sucrose and 0.01% Tween-80) and then lyophilised. The rabbits were allowed unrestrained movement within their cages immediately after recovery from anaesthesia.
Histological analysis
The specimens were fixed in 4% paraformaldehyde for 24 hours, decalcified with 0.5 M ethylenediaminetetraacetic acid (EDTA), followed by dehydration in a graded ethanol series and embedded in paraffin wax. Sagittal sections (5 μm thick) were cut and stained with haematoxylin and eosin or toluidine blue per standard procedures and examined by light microscopy.
Histological grading
The histological findings were scored according to a histological grading scale modified from that described by Wakitani et al. [6] ; higher scores were assigned to higherquality cartilage and subchondral bone repair. We also categorised the thickness of subchondral bone using a sixcategory scale with a maximum score of 18 points (Table 1) .
Experiment 1
To determine the optimal dose of E-rhBMP-2 and to monitor short-term trends in the healing process of osteochondral defects, the rabbits were divided into seven groups. In group 1, the defects were untreated (control); in group 2, the defects were treated with a gelatin sponge without E-rhBMP-2 (control); and in groups 3-7, the defects were treated with a gelatin sponge to which 1, 5, 10, 20 or 40μg of E-rhBMP-2 was added. Each group consisted of two rabbits (four knees). At four and 12 weeks after surgery, the rabbits were killed with an intravenous injection of ketamine; two knees from each group were examined macroscopically and histologically.
Experiment 2
To examine whether E-rhBMP-2 can accelerate and improve the repair of full-thickness osteochondral defects over a long term, rabbits were randomised into five groups. In group 1, the defects were untreated; in group 2, the defects were treated with a gelatin sponge without ErhBMP-2; and in groups 3-5, the defects were treated with a gelatin sponge to which 1, 5 or 40μg of E-rhBMP-2 was added. Each group consisted of three rabbits (six knees). At 24 weeks after surgery, the rabbits were killed as described above and the knees were examined macroscopically and histologically.
Statistical analysis
Fisher's exact probability test was used for the statistical analysis and P value <0.05 was considered to be statistically significant.
Results
Four rabbits died of old age during the postoperative period. (We used very large and old rabbits for this study, because young rabbits have a better capacity for repair.) Knees from the rabbits that died were excluded from the experimental design.
Experiment 1
Macroscopic findings
We compared the regularity of the treated cartilage surfaces with that of normal articular cartilage around the defect in all seven groups (Fig. 1, upper panels) . At four weeks after surgery, the surfaces of the defects treated with implants containing more than 5μg of E-rhBMP-2 were completely covered with whitish granular tissue ( Fig. 1d-g) ; however, the articular surfaces of the untreated defects and the defects treated with implants containing less than 1μg of ErhBMP-2 were concave, and the margin of the defect was clearly visible (Fig. 1a-c) . At 12 weeks after surgery, white soft tissue had formed over all defects treated with more than 1μg of E-rhBMP-2, whereas white soft tissue was observed only at the margin of the defect. Also, the central area of the defect was still concave in the untreated group and in the group treated with implants that did not contain E-rhBMP-2 (data not shown).
Histological findings
Histological analysis of the toluidine blue-stained tissue sections was conducted to determine the level of repair in the defective knees. At four weeks after surgery, fibrous tissue-like repair was observed in both the untreated defect and the defect treated with an implant that did not contain E-rhBMP-2; no metachromasia was evident (Fig. 1h, i) . However, the defects treated with more than 1μg of E-rhBMP-2 were replaced by newly formed metachromasiapositive cartilage (Fig. 1j-n) , and the repaired cartilage was thicker than the adjacent normal cartilage. Subchondral bone repair was observed in the defect treated with more than 5μg of E-rhBMP-2 ( Fig. 1k-n) ; the repaired cartilage was thinner in the defect treated with 20 or 40μg of E-rhBMP-2 (Fig. 1m, n) , and bone formation was observed in the repaired cartilage of the defect treated with 20 or 40μg of E-rhBMP-2, the highest dose of E-rhBMP-2 (Fig. 1m, n) .
At 12 weeks after surgery, no metachromatic matrix was evident in the untreated defect or in the defect treated with an implant that did not contain E-rhBMP-2, and both defects were still concave (Fig. 2a, b) . In contrast, metachromasia was observed on the surfaces of the repaired defects from the E-rhBMP-2-treated groups. The thickness of the repaired cartilage was dose-dependent at doses from 1 to 40μg (Fig. 2c-g ). The metachromasia-positive articular surfaces of the defects from the group treated with 40μg of E-rhBMP-2 were thinner than the adjacent normal cartilage (Fig. 2g) ; whereas those from the group treated with 10 or 20μg of E-rhBMP-2 showed better repair (Fig. 2e, f) .
Histological scores
The histological findings four and 12 weeks after surgery were evaluated and rated using a histological grading scale (Table 1) . At four weeks after surgery, the scores of untreated defects were 0 and 2, and those of the defects treated with a gelatin sponge without E-rhBMP-2 were 4 and 5. Those of the defects treated with a gelatin sponge with 1, 5, 10, 20 or 40μg of E-rhBMP-2 were 9 and 9, 12 and 15, 12 and 14, 15 and 15, and 14 and 15, respectively. At 12 weeks after surgery, the scores of untreated defects were 3 and 4, and those of the defects treated with a gelatin sponge without E-rhBMP-2 were 5 and 8. Those of the defects treated with a gelatin sponge with 1, 5, 10, 20 or 40μg of E-rhBMP-2 were 10 and 12, 15 and 16, 14 and 16, 13 and 14, and 13 and 14, respectively. At 12 weeks after surgery, the group treated with 5μg of E-rhBMP-2 had the highest score, and the scores of both control groups and of the groups treated with 1, 5 or 10μg of E-rhBMP-2 were better than those at four weeks; however, the scores of the groups treated with 20 or 40μg of E-rhBMP-2 were lower at 12 weeks than at four weeks.
Experiment 2
Macroscopic findings
At 24 weeks after surgery, smooth continuity of the articular surface between the surgical site and the surrounding cartilage was observed in defects treated with ErhBMP-2, regardless of dose; however, the irregularity at the centre of the articular surface and the margin of the defect remained visible in the defects from both control groups (data not shown).
Histological findings
Although the degree of metachromasia-positive repaired tissue and bone formation was greater at 24 weeks than at four and 12 weeks in specimens from both control groups, clefts were still evident at the centre of the defects in five of six specimens (Fig. 3a, b) . In contrast, the degree of repair in the defects treated with E-rhBMP-2, regardless of dose, was similar at all three time points on the basis of with 1μg E-rhBMP-2. d Defect treated with 5μg E-rhBMP-2. e Defect treated with 10μg E-rhBMP-2. f Defect treated with 20μg ErhBMP-2. g Defect treated with 40μg E-rhBMP-2 microscopic findings (Fig. 3c-e) . The thickness of the repaired articular cartilage at 24 weeks was less than half that of the adjacent normal cartilage at 12 weeks.
Histological scores
At 24 weeks after surgery, the histological scores for the repaired articular surfaces of the osteochondral defects indicated a dose-dependent effect of E-rhBMP-2, and the histological scores of the groups treated with five and 40μg of E-rhBMP-2 showed significant differences from the untreated defect groups (Fisher's exact probability test); however, there were no significant differences between the E-rhBMP-2-treated groups ( Table 2 ).
Discussion
The findings of this study indicate that E-rhBMP-2 promotes the repair process of osteochondral defects, even at low doses. The repaired cartilage was thick at the early time point after surgery (four weeks). Enchondral ossification was promoted, and the repaired cartilage became thinner with time and with higher doses of E-rhBMP-2. At 24 weeks after surgery, there were no significant differences in cartilage repair between the groups treated with doses of 1-40μg E-rhBMP-2. This finding might indicate that doses as low as 1μg of E-rhBMP-2 are sufficient for repairing osteochondral defects in a rabbit model. We reported previously that more BMP is needed to repair bone defects in higher animals [31] [32] [33] [34] . Thus, we estimate that higher amounts of E-rhBMP-2 are needed to repair human articular cartilage.
When establishing the appropriate amount of E-rhBMP-2 for use in humans in the repair of articular cartilage defects, it should be borne in mind that high doses of BMP are not always necessary, as shown in our study.
The major disadvantage of using CHO-rhBMP-2 is its high cost. The lowest dose of E-rhBMP-2 was the most advantageous, because its cost is much lower than that of CHO-rhBMP-2. This low cost enables its widespread application in conventional orthopaedic surgery to enhance osteochondral healing and bone repair. Another disadvantage of rhBMP-2 is the increased risk of adverse events with the use of large doses [31] [32] [33] [34] . In our study, no significant differences in histological appearance or scores were observed at 24 weeks between specimens treated with various doses of rhBMP-2. The successful osteochondral repair achieved with the low dose of E-rhBMP-2 suggests a decreased risk of adverse events. Sellers et al. reported no differences between the results at 24 weeks and those at one year after treatment with rhBMP-2 [21, 22] . Hence, we expect that the use of rhBMP-2 over longer periods of time will be successful.
Shapiro et al. reported that the thickness of repaired cartilage became half that of normal adjacent cartilage and that this thinning was due to an increase in new bone formation extending to the joint surface [35] . Thus, the thinning of the repaired cartilage in our study cannot be attributed to the effect of rhBMP-2 but the natural course. Furthermore, a cleft was observed at the centre of the defects not treated with E-rhBMP-2, whereas no cleft was visible in the defects treated with E-rhBMP-2. This finding suggests that the accelerated repair of subchondral bone provided support for the overlying cartilage and prevented the fissuring of the cartilage as a result of decreasing biomechanical instability [21] . Therefore, the ability of ErhBMP-2 to accelerate and induce the rigid new subchondral bone would be important for the repair of the smooth articular surface. Moreover, from a clinical point of view, the formation of new subchondral bone extending to the joint surface and the thinning of the articular cartilage is not the ideal repair for osteochondral defects. The ideal repair (i.e. thick hyaline cartilage over the articular surface lined with thick subchondral bone) would involve a modified method in which bone formation is suppressed exclusively at the articular zone. Further investigation is needed to establish the ideal method for the repair of osteochondral defects.
In conclusion, the results indicate that a low dose of ErhBMP-2 is effective at accelerating and improving the repair of osteochondral defects and should have a significant role in clinical applications.
